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BRIEF

The effect of sample size on the analytical accuracy of electron spin
resonance is discussed. Cavity loading effects cause a non-linearity of

the response for Intense samples. Maximum sample sizes are about 0.4 to

1 mg of MnSO4 H20 or 0.1 to 0.25 mg of diphenylpicrylhydrazyl for 1%

deviations from linearity. The nature of the sample and esr cavity deter-

mine the maximum quantity that should be used. The peak to peak amplitude

is more strongly influenced than double Integral values.

ABSTRACT

The effect of cavity loading during magnetic resonance absorption on

the accuracy of analysis by electron spin resonance is calculated. Large

samples which degrade the cavity Q-factor due to absorption of a large

fraction of the Incident radiation cause a non-linearity of the absorption

as a function of the quantity of material. This is reflected by a broaden-

Ing of the first derivative spectrum and reductions of the peak—to—peak
amplitude and double Integral of the ESR signal from that predicted on the
basis of a dilute sample. The consequence of this effect is to underesti-

mate the quantity of sample. Calculations of this effect were verified with

samples of MnSO4.H20. Non-linearities In the order of 1% may be obtained

with samples of 0.4 to 1.0 mg of MnSO4’H20 or 0.1 to 0.25 mg of diphenyl-

picryihydrazyl which are conrionly used standards for ESR. 
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INTRODUCTION

Electron spin resonance (ESR) der ives much of its value from its high

sensitivity and resolution. Hence, it is often used in the identification

and quantification of trace impurities (1). However, there are many

situations in which ESR can be used to quantitatively measure materials
which exhibit Intense paramagnetic absorption. Examples of this case

include the calibrat ion of ESR spectrometers, the analysis of f ine grained

I ron In Lunar return samples (2) , the determination of initial atom con-
centrations in studies of gas phase kinetics (3) , the analysis concentrated

solutions of radical ions or transition metal ions, and the separation and

quantification of solid materials in mixtures by virtue of their unique

temperature dependencies such as antiferromagnetic-paramagnetic transitions
(4). While much attention has been devoted to the high sensitivity feature
of ESR (5), the effect of the variation of the cavity Q-factor across the

magnetic resonance has only been Studied In terms of Its effecton increasing the
apparent linewidth of spectra (6).

We report here the effect of intense paramagnetic resonance absorption

on the various parameters used in analysis. These include the peak-to—peak

amplitude of the derivative of the absorption, the double integral of the
first derivative, and the peak-to-peak amplitude multiplied by the square
of the peak-to—peak linewIdth. Both lorentzian and gaussian lineshapes are
treated, and experimental data is presented.

EXPERIMENTAL

H The ESR-computer system has been descri bed in detail (7). It consists

2
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of a modified V-4502 (Varian) ESR spectrometer with a Magnlon 38 cm magnet

and a POP 8/rn computer with 32 K words of core storage. Data was collected

from the ESR spectrometer using a Basic program with assembly language

functions for control of the multiplexor, analog to digital converter (AX),
clock, and other peripheral equipment. Two output registers control the

upfield or downfield sweep direction, and the starting Or stopping of the

magnetic field’ sweep. A power meter was used to monitor the incident power

to the cavity.

MnSO4 H20 (Malinkrodt reagent grade) was recrystallized from water at

80°C and dried under N2 for 48 hours. Heating two samples at 325°C for

sixteen hours showed a 10.62% weight loss as compared to 10.66% theoretical.

The ESR linewidth of this sample Is 200 G, peak-to-peak. Each spectrum

contained 1536 poInts, with 44 points between derivative extrema. Samples

were weighed to + 0.05 mg.

Integration of the spectra was carried out subsequent to the data
acquisition. The intensity of each spectrum was between 70-100% of the full

scale output of the AX. Since the ADC Is 12 bits, it is necessary to
minimize numerical round-off errors .

Theoret ical calculat ions of the effect of loading of the ESR cavity
were also carried out using the POP 8/rn computer. Integrals of the absorp-
tion were computed to within + 0.0002% by Simpson’s rule. Derivatives were
calculated from the computed absoprtlon by finite differences. Due to the
finite word size, accuracy was limited to +0.001 in the relative peak-to-
peak width and +0.0002 In the relative peak-to-peak amplitudes.

3
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THEORY

Cavity 0 variation during resonance. The Q-factor of the microwave

cavity during resonance, Q is related to its Q-factor off resonance, Q0,
and to the Q-factor of the sample ~~ according to Eq. 1.

(1)

Is the Q—factor of the microwave cavity containing the paramagnetic

sample and sample holder, but in which the magnetic field Is such that
there Is no significant interaction of the magnetization of the sample with
the incident radiation. The microwave loss caused by the sample magnetization

in the ESR cavity is due entirely to Its susceptibility, x” and to the
filling factor , 

~~, of the sample wi thin the cavity (8). In cgs units,

4ivnx” (2)

The filling factor is defined as the integral of the square of the microwave

magnetic field, H1
2 over the sample to that in the entire cavity

~ ~~~~~~~~~~~~~~~~~~~~~~ (3)

Filling factors of rectangular and cylindrical cavIties containing a variety

of sample geometries have been calculated by Poole (8). These ar~I severa l
other cases are presented in Table I. The filling factor can be treated as

being proportIonal to a constant, K~ times the ratio of the sample volume

to the cavity volume V~,

V S
n Kr

4
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The microwave susceptibility for the case in which the field Is held

constant and the frequency is swept Is given by Eq. 5 (9),

~ 1 12
X — 0~0 1 + (tg-w0)

2T2
2 (5)

where w and are the incident and resonant frequencies, and is the

static magnetic susceptibility . We assume that the line is not saturated
by the level of incident radiation. For a paramagnetlc material ,

— 
g2a2 (S)(S+l ) N, (6)- ______________

where N is the number of paramagnetic centers , S is the electron spin, g is

the spectroscopic splitting factor, B is the Bohr magneton, k is the Boltzmann

constant, I is the absolute temperature, and e Is the paramagnetic Curie

temperature. The term nx” is therefore proportional to the number of para-
magnetic sites In the sample.

Equations 1 and 2 can now be rearranged to give

QZ0 . ~~~~.. ~ j
Q~; (7)

Since the ratio of the absorbed power to the incident power Is dependent on
non-linearities in the response to the microwave susceptibility can

result if 4wx”nQ0 is not negligible compared to unity. There are two con-

sequences of this condition. The first is simply a saturation of ~Q/% due ±

to an increase in the denominator of Eq. 7. ThIs is of primary Interest
here. The second effect Is caused by the non-linear response of the micro-

wave detector to large changes in microwave power. Both of these effects

5
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can lead to distortions of the lineshape.

RESULTS AND DISCUSSION

Lorentzian llneshape. Since Eq. 6 is not useful for typical analytical

purposes, it can be converted to the conventional case of a fixed frequency
of incident microwave radiation and a variable magnetic field, Eq. 8, -

~~

1 1 2
x” * ~~ ~~ 2 2 (8)

v 3 o r  + (H-H0)

where the halfwidth at one half of the maximum height of the absorption, r,

Is given by h/ (T2g8), and the magnetic field H is given by fi~/(g~). The
peak—to—peak width, 

~~ 
is equal to 2//~ r. The maximum value of X”

occurs when H = H0. Thus the term ~~~~~~ where

X” — --1- x H _L (9)max •o o A~

is dependent on the nature and numb~r of spins In the sample and on the

parameters of the ESR cavity, and can be used to characterize the perfor-
mance of the loaded cavity. The parameter flQoX”max is given by Eq. 10.

flQoX”max = 
~ o (10)

In order to compute the relative analytical parameters, aQ/Q0 was
calculated from Eqs. 7 and 8 as a function of 4lrnQox”mex. The relative

analytical parameter is the value of the computed parameter, eg. peak-to—
peak amplitude or double integral of the derivative spectrum, divided by
the value of the parameter if 4lf flX ” max Q0ccl . The values of those parameters

which could be used for routine analysis are given as a function of the

_ 
6 
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Deciding upon the appropriate parameter to be used in analysis by ESR

methods, the precision wIth which each term can be measured must be con-

sidered. For small quantItIes of paramagnetic material , in which intrinsic

broadening due to the chemical exchange processes does not occur, the peak-

to-peak amplitude is often the most convenient. At higher concentrations,

however, this parameter is most greatly affected by cavity loading.

Measurements of the peak-to-peak width are not precise, precluding A~a
2

as a suitable analytical parameter. Al so, if the line is doubly integrated

far into the wings, baseline drift and offset errors become a problem (10).

Thus a good compromise appears to be the integration of I orentzian lines

over the magnetic field range of H0-lO~0 to H0+lO~0. At these extremes,

the derivative curve does not change rapidly as a function of magnetic

field, so that small errors in the magnetic field limits will not affect

the double integral. In order to determine the entire double integral , only

a 13% correction needs to be made. This correction factor allows the in-

strument to be calibrated by a different material than is to be analyzed

as suggested in Ref. 11, for example.

The significance of the term flQox”max Is given by several examples using
the TE011 cavity 

~~ 
— 56 cm3, Q0 — 15000) and TE102 cavity V~ 12.1 cm3,

4 — 6500) at 9.5 GHz wi th a sample temperature of 25 C. Using the filling

factors given In Table 1, values of 4IrnQox”max can calculated. For

example, consider a small sample of MnSO4•H20 (12), where g — 2.00 , 

~ 
— 200,

and e — -26 placed at the center of the ESR cavity. If 41TOQOX ” maX (Eq. 10)

is to be smaller than 0.01, the sample must contain less than 3.4 x 1018

• peramagnetic ions in a it 102 cavity, or less than 1.2 x 10~ ions In a

8 
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cavity loading parameter in Table II. A more detailed comparison is shown In

Fig. 1.

The parameters that are least affected by cavity loading are A2A and

the doubly integrated first derivative spectrum where the limi ts of in-

tegration are between magnetic fields greater than about 10 times the peak-

to-peak l inewldth on either side of the absorption maximum. Coincidentally,

relative double Integrals of the spectrum recorded aver a large span, such as

greater than about 2OOL~
on either side of the resonance field are approxi-

mately equal to relative values of A2A. Apparently the increased linewtdth

compensates for the reduction in the peak-to-peak ampl itude. Also, by

computing the double integral of the first derivative spectrum far out

into the wings of the line, a greater fraction of the area under the

absorption that Is negligibly affected by cavity loading is contributed to

the analytical parameters. On the other hand, the peak-to-peak amplitude

shows the greatest effect toward cavity loading. While the amplitude of

the absorption would only be reduced by a factor equal to approximately

l/(4wvi%x”max), Fig. 1 shows that the peak-to—peak amplitude is reduced

• 1 by a greater amount. One would initially suspect that this should not be

the case, since the points of the derivative extreme occur at absorptlons

In which x”<x”max .’ To illustrate this point, Eq. 7 can be rewrItten as j
F(H) ag(H)/(l+ag(H)], where g(H) is the l ineshape funct ion and a Is a

parameter proportional to ‘~o
x”max. The derivative of this function is then

dF(H)/dH — {a/fl+ag(H)]2}.dg(H)/dH. Thus, where the amplitude is reduced

by the..factor [I+ag(H)] 1, the derivative Is reduced by (l+ag(H)T 2. This

accounts for a greater reduction for the derivative ampl itude than the

absorption maximum.

i
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TE011 cavity. Thus, a sample of MnSO4~H2O used as a standard should

be smaller than 0.4 to 1.0 mg. depending on the cavity used. At lower tem-

peratures the maximum sample size will be smaller since the susceptibility

will Increase. At higher frequencies, x0H0 becomes cons idera bly greater
while the cavity volume is also made smaller. This also results in a

smaller sample size which can be used although this is partially compensated

by lower values of Q0.

Often the stable radical dIphenylpicryihydrazyl (DPPH) Is used to

calibrate ESR spectrometers. Although its lineshape is neither purely

lorentzian nor gauss ian , with a peak-to-peak linewidth of about 2 G, the
maximum amount of sample that should be used can be estimated. For

4irnQ0x”<O.Ol , for a TE102 cavity the number of spins should be smaller than
3.6 x i017, while for a TE011 cavity, It should be smaller than 1.4 x i0

17.

These correspond to samples of 0.1 to 0.25 mg respectively.

A final example, which pertains to the analysis of aqueous media serves

to illustrate the effect of cavity loading. Typically, a flat cell of

0.05 cm3 volume within the ESR cavity Is used in a TE102 cavity. This

arrangement reduces the Q-factor to about 2250, (13). For a sample of

which exhibits a six-line spectrum with linewidth of 15 G, the concentration

required to yield a value of 
~~~o

X”max = 0.01 is about 0.25 M. Thus , a

significant deviation of the peak—to-peak amplitude from linearity should

be observed at concentrations of this order. This deviation has been ob-

served (14). Unfortunately, because the hyperfine spl itting is In the order

of 85 G, there is significant overlap between adjacent lines which causes

a greater value x ” than we predict, and also because at these concentrations

—~~~
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electron exchange can also cause l ine broadening, the actual cause of the

non-linearity cannot be unequIvocally assigned to cavity loading effects.

Gaussian Lineshapes: A gaussian lineshape Eq.ll reflects inhomogeneous

broadening of lorentzlan lines

g(H) exp [_T2
2(w_wó)2ln2] (11)

Since the integral of this line should equal that of the lorentzian line for

a material of the same transition probability, Eq. II must be normalized

by a factor of (irln2)½. Substituting relations for H and r, and by making

use of the fact that &.~ for a gaussIan line is equal to (2/1n2)½r, the
microwave susceptibility is given by Eq. 12.

½ 1 /H_ H 21
= (•

~
) 

x~H~ r- • exp [_1.1768 ~ o)~ (12)

The value of X”max is therefore

x”max = (.
~)½ (13)

which is a factor of about 2.17 tImes greater than that of a lorentzian line

of the same peak—to-peak width. The gaussian line Is subject to less tailing

than a lorenzian line, and thus virtually all of the Integral of the gaussian

absorption is contained within a span of about -4&~ to +4~ 
from the absorp-

tion maximum. Various analytical parameters are shown as a function of 4w

nQox”max in Fig. 2. Note here also, that the ~
2A is much less affected by

cavity loading than Is the value of A Itself. This is primarily because

the extent of broadening Is considerably greater than for the lorentzian

line. 3

10
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Ferromagnetic Materials: If one assumes that a ferromagnetic material

is saturated, then the susceptibility X” is given by Eq. 14

X = Ueff B~
4 g(H) (14)

where i
~eff is the effective number of Bohr magnetons per ferromagnetic atom

or molecule. The function g(H) may be lorentzian. Lunar return samples,

however, exhibit neither gaussian nor lorentzlan lineshapes, but rather are

convolutions of the lorentzian shape Onto the envelope of the density of

states as a function of magnetic field predicted for cubic crystalline Fe

spheres (2). It is probably best to use a gaussian shape to estimate the

loading factor for this case.

Integration of ESR signals. We have suggested that esr signals can

be doubly integrated with precisions within ±2% or better (4).. The method

that we used here is the following: In order to determine the baseline,

the data points syiiinetrically disposed about the mid-point of the derivative

curve are averaged. The data file Is then doubly integrated after subtract-

ing the calculated baseline from each data point. Usually the spectrum

between a magnetic field range of 10 and 15 times Is used in the In-

tegration process.

Since this value Is significantly different than the value of the area

under the entire absorption, a correction factor is applied to the system.

This factor is determined by the limits of magnetic field over which the

derivative curve is integrated (1), and Is given by Eq. 15

/H—H ~ (H_H0~’r)
2

f— ~~tan~~( 
0J~ (15)

~ r ~ ~ + [(H_H0f/r]

- ~ 
where the spectrum over the magnetic field range H—H0 to H0-H Is Integrated.

11
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The value of r is assumed to be equal to /3’2 a.

Signals which exhibit appreciable basel ine drift, are usually those
recorded at high amplification. Since integration processes reduce the

noise, reproducible double integral values can be obtained even with noisy

derivative spectra. Although this is not the main topic of interest here,

It is worth mentioning that we have found that the baseline drift is repro-

ducible since it is most likely caused by magnetostriction of the ESR

cavity. Thus, signal averaging a number of spectra of the baseline, with
the cavity containing the sample holder, prov ides a useful signal which can

be subtracted from the ESR signal of the sample. From this point, the same

procedure discussed above can be used to doubly Integrate the ESR signal.

A representative example of the reproducibility of the double inte-

• gratlon process is in the six repetitions of a 1.5 mg sample of MnSO4 H20.

The sample was left at the same instrumental parameters so that other un-

certainties, eg. positioning, setting the power level, and changing the

field sweep rate do not affect the result. The peak-to-peak amplitude —

agreed to within +1 bit of the A to D converter (0.02%) and the standard

deviation of the double Integral processing where the field between

H0—20r and H0+20r was utilized was 0.9%. A smaller standard deviation was

obtained when the integration limits were reduced to H0-lOr to H0+lOr.
Experimental Verification. In order to confirm the calculations

presented here, samples of MnSO4 H20 weighing between 1.5 and 105 mg.

were recorded. The filling factors of each sample were calculated from

the equation (4)
If  I /11
I I  I. • SK s !I. ~~r 

s n
~~-t—
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where L is the length of the cavity (2.24 cm) and l~ is the length of the

sample in the 3m Id quartz tube. Since a TE1~~ cavity was used here

rather than the 1t1~2 cavity described earlier, the factor of 1/2 corrects

for the cavity volume so that V, remains 12.0 cm3. The longest sample used
here was 1.8 cm which has a value of K equal to 0.62. Note that in a TE1~~
cavity twice as much material is required to degrade the Q—factor by the

• same amount as a it102 cavity.

Double integrals, peak-to-peak amplitudes, and peak—to-peak if newldths

are shown In Fig. 3. The bold curves are derived from the calculated

values for MnSO4 H2O In the previous sections, and from the data in Table I.

The experiments show remarkable agreement with the theory considering that

there are no adjustable parameters, and the perturbation of the microwave

field due to the sample dielectric or absorption is not taken into account.

Significant degradation of the cavity Q-factor for samples of 25 mg

or more can be seen from the oscilloscope trace of the cavity mode as the

magnetic field is passed through resonance. This permits a crude approxi-

mation of the change in cavity Q on and off resonance. For example, cavity

Q—factors with the sample containing 47 mg and K = 0.90, were measured.
AssumIng that the maximum of the klystron mode corresponded to the total

reflected power, the half width of the cavity mode was measured at zero

field, and at the resonance maximum, and the microwave frequency was

calibrated with a waveneter. The value of Q0 was estimated to be 6700+300,

while Q at resonance was 54004250. The value of Is therefore 0.1940.08.

From the previous calculation, a sample of 1.88 nig at v~ — 1 should cause a

value of aQ/Q of 0.01. Thus for the 47 nig sample, aQ/Q Is predIcted to
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be about 0.23, in agreement with the estimated value.

CONCLUSIONS

• Sample size is a critical parameter in analytical determinations uti-

llzfng electron spin resonance spectroscopy, due to effects on cavity loading

during the resonance absorption. The max imum sample size which can be used
depends upon the magnetic parameters of the material and the cavity and

sample geometries . Parameters least affected by loading are the double

integral and the peak-to—peak amplitude times the square of the lInewidth.

The peak-to-peak amplitude is most greatly affected. While the linewldth

of the sample is subject to poor accuracy, the double integral of the first

derivative spectrum can be obtained with precisions of better than +1%

in many cases by using digital recording and data processing.
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TABLE I
Typical Filling Factors*

TE011 (Cylindrical)

i~ 1f 2 a — d

small sample at 12.33 . 10 56 
V5

cavity center 
1 + jO.82a~

2 c
k d j

V 2
tube of radius r R 6.16 

2 5.27
along cavIty axis 1 + /O.82a\ c R

TE102 ( rectangular)

small sample of 4 . 
Vs 2 00 V5cavity center d 2 rl +(2a) c

tube of radlus r 2 . 
V5 1along sample axis 

, ~2 r
:
4 I!i) (if r a)

- ‘ , flat Cell of thIckness 2 V~ , b’d’
d’ and wIdth b’ , ~2 rc

sp.cia1 cue Varian TI
wIth 2.17 cm i.d. quarQ? 0.331
tube

- f V • cavity volume ; V5 — sample vol ume
c.~11ndrical cavity: a • radius; d — length
rectangular cavity: a • thickness; b — width (parallel to static

f ield); d • length.
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TABLE II

Relative Peak-to-Peak Linewldths,
Mipl I tudes and Double Integral s for
Various Cavity Loading Parameters
to that in the absence of loading
for a Lorentzian Line

Parameter Peak-to-Peak Ampl itude Double Integral
(411T1x”maxQo) Width (A/c~0) (A/A0) Limit

0.000 1.000 1.0000 1.0000
0.001 1.000 0.9988 0.9995
0.002 1.000 0.9972 0.9990
0.005 1.001 0.9928 0.9975
0.010 1.003 0.9854 0.9950
0.020 1.009 0.9709 0.9901
0.050 1.026 0.9296 0.9759
0.080 1.032 0.8912 0.9622
0.100 1.046 0.8669 0.9534
0.150 1.064 0.8111 0.9325
0.200 1.087 0.7609 0.9129
0.350 1.153 0.6377 0.8606
0.500 1.210 0.5444 0.8165
0.800 1.347 0.4142 0.7454
1.000 1.416 0.3537 0.7071
1.500 1.565 0.2530 0.6324
2.000 1.722 0.1925 0.5774

s.
’ 3.500 2.094 0.1048 0.4713

5.000 2.430 0.0681 0.4082
8.000 2.981 0.0371 0.3333

10.000 3.277 0.0275 0.3015
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FIGURE CAPTIONS

Fig. 1: Plot of the relative peak-to-peak amplitude, peak-to-peak

amplitude multiplied by the square of the linewidth, and

double Integrals over different magnetic field regions against

the cavity loading parameter 4 Q0 “max~ 
The parameter

(1-4 % “max~~
’ is included for reference. Values of the

relative parameter less than unity reflect deviations from

linearity in the particular ESR signal vs. concentration or

quantity of material.

Fig. 2: Plot of the relative peak-to-peak amplitude, double integral,

and peak-to-peak amplitude multiplied by the square of the

linewidth. Deviations from unity in the relative values

reflect a non-linearity if the ESR signal vs. concentration

or quant ity of material.

Fig. 3: Double integral recorded over the field range H0-20 to

• H0 + 20 , peak-to—peak amplitude, and peak-to-peak 1-f newidth

of the derivative ESR signal for MnSO4 H2O vs. the filling

factor times the weight of the sample in a TE104 cavity.

Curves show the theoretical values based on the parameters: j
Q0 6500; v 9.50 GHz; e • -26 K; T = 300°K, g = 2.00;

• 200.G; S • 5/2. Samples are weighed to ~0.05mg.

Incident microwave power: •O.82 n*~; I, 2.46 mW; 0, 25.0 n*I.

19
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